INTRODUCTION
============

Methionine synthase (MTR) plays an important catalytic role in a methylcobalamin-dependent reaction, along with 5,10-methylenetetrahydrofolate reductase (MTHFR), for the remethylation of homocysteine to methionine.[@B1],[@B2] Many studies have shown that differences in the plasma\'s total homocysteine (tHcy) and folate levels are associated with variation of the MTHFR genotype.[@B3]-[@B9] The MTHFR polymorphism, which is associated with a predisposition for elevated plasma concentrations of homocysteine, has been reported to represent a genetic risk factor for occlusive vascular diseases, carotid atherosclerosis, silent brain infarction and small artery occlusion with ischemic stroke, although these associations remain controversial.[@B9]-[@B22]

A mild deficiency in MTR activity may be associated with mild hyperhomocysteinemia, a risk factor for vascular diseases and possibly neural tube defects (NTD). The gene encoding human MTR has been cloned and sequenced.[@B23] The human MTR gene has been mapped to chromosome 1q43 and encodes a product of 1265 amino acids. The 2756A \> G mutation was identified for the first time in patients with the cblG complementation group of inherited homocysteine/folate disorders; it also exists in the general population.[@B23]

Recent reports have suggested that there is a strong positive association between MTR 2756GG genotype and coronary heart disease (CHD) risk in the Dutch population,[@B24] although other studies have reported that the 2756GG genotype has a protective rather than an adverse effect on CHD.[@B25]-[@B27] The MTR 2756A \> G polymorphism has also been found to be associated with a lower risk of colorectal cancer among individuals with low alcohol consumption.[@B28] Infants who carry mutant alleles for both methionine synthase reductase (MTRR 66A \> G) and MTR 2756A \> G polymorphisms have an associated increased risk for NTDs[@B29] and thrombotic events.[@B30] In contrast, other investigators have reported no association between the MTR polymorphism and ischemic stroke, CHD, or NTD in case-control studies.[@B2],[@B31]-[@B33] Ischemic stroke is a multifactorial disorder, in which genetic and environmental factors, including defects in homocysteine metabolism, play a major role. Investigations of the MTR 2756A \> G polymorphism, in association with a variety of disorders, has been reported most commonly in Caucasian populations, while few investigations have focused on non-Caucasian groups.

In the present study, we investigated whether the MTR 2756A \> G and MTHFR 677C \> T polymorphisms are associated with the homocysteine concentration and whether there is an increased risk for ischemic stroke associated with these polymorphisms.

MATERIALS AND METHODS
=====================

Subjects
--------

The study population was enrolled from November 2000 to May 2002 at Bundang CHA Hospital, College of Medicine, Pochon CHA University. Ischemic stroke was defined as a clinical syndrome characterized by rapidly developing clinical symptoms and signs of focal and, at times, global loss of brain function with evidence of a cerebral infarction in the clinically relevant area of the brain identified by brain imaging studies.[@B10] The diagnosis of ischemic stroke was made when neurological deficits were accompanied by corresponding abnormal magnetic resonance imaging (MRI) findings of the brain, interpreted by two independent experienced neurologists. Ischemic stroke was excluded when researchers did not agree; patients with cerebral hemorrhage were excluded in advance.

For the control subjects, we selected healthy individuals matched for gender and age from individuals attending wellness examinations at Bundang CHA Hospital during the same period, who were without a history of cerebrovascular disease or myocardial infarction. Baseline demographic data and a history of conventional vascular risk factors were obtained for each control subject. Some of the participants, both ischemic stroke patients and controls, were diagnosed with hypertension or diabetes mellitus at the time of enrollment. The institutional review board at Bundang CHA Hospital approved this study in June 2000. All patients and controls gave written informed consent.

DNA analysis
------------

Total genomic DNA was prepared from whole blood after lysis of red blood cells.[@B34] The areas spanning the polymorphic sites of MTR 2756A \> G and MTHFR 677C \> T were amplified by the polymerase chain reaction (PCR) from genomic DNA using the primers and reaction conditions described previously.[@B6],[@B23] The polymorphisms were identified following the digestion of amplified DNA with the endonucleases HaeIII and HinfI for MTR and MTHFR genes. Alleles of each polymorphic site were classified depending on the presence or absence of a restriction enzyme cutting site.

Estimation of plasma homocysteine and folate concentrations
-----------------------------------------------------------

Specimens were collected to measure levels of homocysteine, folate, and vitamin B12 within 48 hrs after the onset of a stroke. Blood was collected in a tube containing anticoagulant 12 hours after the patient\'s last meal. The tube was centrifuged for 15 minutes at 1,000 g and the plasma separated. The concentration of homocysteine in the plasma was measured by fluorescent polarizing immunoassay (FPIA) with IMx (Abbott, USA). The plasma concentration of folate was determined using a radioassay kit.[@B35]

Data analysis
-------------

All statistical analyses were performed using the Statistical Analysis System software (SAS Institute, Inc., Cary, NC, USA). To analyze baseline characteristics, we used a two-sample t test for continuous data (age and fasting plasma homocysteine and folate concentrations) when comparing patient and control baseline data. The distribution of genotypes was tested for Hardy-Weinberg equilibrium and for selection against a particular genotype by using the Chi-square test. Stratification analysis was used to subgroup age and gender. One-way analysis of variance (ANOVA) was performed to compare the mean concentrations of plasma homocysteine and folate among three genotypes. Statistical significance was accepted at a *p* = 0.05 level.

RESULTS
=======

As shown in [Table 1](#T1){ref-type="table"}, the ischemic stroke group had a significantly higher homocysteine concentration than the controls (*p* = 0.03). There were, however, no significant differences between cases and controls for age and folate concentration. The genotype distribution for the MTR 2756A \> G polymorphic locus did not deviate significantly from Hardy-Weinberg equilibrium in both groups ([Table 2](#T2){ref-type="table"}). The allele frequencies were not significantly different between the controls and cases. The odds ratios for the MTR 2756AG and the 2756GG genotypes with 2756AA were 0.94 (95% CI, 0.59-1.48; *p* = 0.78) and 1.43 (95% CI, 0.23-8.71; *p* = 0.70) in the controls and cases, respectively.

We compared the combined genotypes of MTR 2756A\>G and MTHFR 677C \> T polymorphisms between the control and ischemic stroke groups ([Table 2](#T2){ref-type="table"}). The frequencies of the combined genotypes were not significantly different in comparisons between the cases and controls. The odds ratio of the combined MTR 2756AG/MTHFR 677CC genotype and with the combined MTR 2756AA/MTHFR 677CC genotype was 1.20 (95% CI, 0.54-2.69; *p* = 0.69). The odds ratio of MTR 2756AA/MTHFR677CT and MTR 2756AG/MTHFR 677CT combined genotypes was 0.85 (95% CI, 0.53-1.36; *p* = 0.55) and 0.71 (95% CI, 0.36-1.39; *p* = 0.39), respectively.

We examined whether the 2756A \> G polymorphism of the MTR gene was associated with plasma homocysteine concentration in the control and ischemic stroke groups ([Table 3](#T3){ref-type="table"}). The 2756AA genotype of the ischemic stroke group was associated with a higher homocysteine concentration compared to the control group (*p* = 0.04). The folate concentration did not show significant differences among genotypes of the MTR 2756A \> G polymorphism (data not shown).

In contrast, the MTHFR 677C \> T polymorphism had no significant differences in genotype frequencies between cases and controls ([Table 2](#T2){ref-type="table"}). The frequency of the mutant 677T allele in cases and controls was 0.42 and 0.44, respectively. The 677TT genotype in the patient group was associated with a significantly higher homocysteine concentration than that of the control group (*p* = 0.01). The 677CT genotype in cases showed higher homocysteine concentrations than that of the controls, although this finding was not significant (*p* = 0.06). For the homocysteine concentration of the combined MTR 2756AA/MTHFR 677TT genotype, the patient group was significantly higher than the control group (*p* = 0.04; [Table 3](#T3){ref-type="table"}). However, the folate concentration did not show a significant difference among combined genotypes of MTR 2756A \> G/MTHFR 677C \> T polymorphisms (data not shown).

When the top and bottom 20% of measured homocysteine levels in patients with ischemic stroke were compared to each other, the frequency of the MTHFR 677TT genotype was significant, although there was no significant difference in the MTR 2756A \> G polymorphism ([Table 4](#T4){ref-type="table"}). Interestingly, the combined genotype frequency of MTR 2756AA and MTHFR 677TT was significantly different between the top 20% and the bottom 20% of measured homocysteine levels (*p* = 0.03).

DISCUSSION
==========

A number of epidemiological studies have shown that in addition to environmental factors, genetic mechanisms may play a role in determining susceptibility to vascular disease. In particular, abnormalities in the enzymes that control homocysteine metabolism have been shown to cause vascular disease. MTHFR is the main regulatory enzyme for homocysteine metabolism. Our previous reports have suggested that the homozygous 677C \> T mutation in the MTHFR gene is associated with ischemic stroke.[@B9],[@B10] MTR is also involved in homocysteine metabolism. Thus the potential role of MTR and MTHFR genotypes in the regulation of homocysteine metabolism has attracted considerable interest.

We therefore studied the relationship between genetic variations of the MTR and MTHFR genes and ischemic stroke in Korean subjects with a case-control study. Because the genotype distributions of MTR 2756A \> G and MTHFR 677C \> T in ischemic stroke were not significantly different in our data ([Table 2](#T2){ref-type="table"}), we compared the top 20% and bottom 20% of Hcy levels. The MTR polymorphism in the patient group had no significant difference between the top 20% and bottom 20% ([Table 4](#T4){ref-type="table"}). However, the MTHFR 677TT genotype was associated with risk for hyperhomocysteinemia. The MTHFR 677TT, inpatients with ischemic stroke, had a higher ratio, by 5.8 fold, compared to the top of 20% and bottom of 20% of tHcy (OR = 5.82; [Table 4](#T4){ref-type="table"}). When compared to MTR 2756AA/MTHFR 677CC, the 2756AA/677TT genotype was only significantly different when associated with an elevated homocysteine level (OR = 4.57, [Table 4](#T4){ref-type="table"}). These results support that MTHFR 677TT and the combined MTR 2756AA/MTHFR 677TT genotypes are risk factors for hyperhomocysteinemia in patients with ischemic stroke.

The G allele frequency of the MTR 2756A \> G polymorphism was rare (0.11) in the healthy Korean population. This is in contrast to findings from previous studies where the rare allele frequencies were shown to be 0.15-0.21 in healthy Caucasians ([Table 5](#T5){ref-type="table"}). Among other Asian populations studied, the G allele frequency of the MTR polymorphism in the Chinese population was similar to this study\'s data.[@B33] The Japanese population, however, had a higher G allele frequency than the Korean or Chinese populations.[@B26],[@B36],[@B37] This finding is difficult to explain on the basis of differences in genetic, environmental, or other factors among populations.

One possible explanation could be differences in genetic drift or selection against a particular allele in the comparisons between Korean and Caucasian populations. In addition, the differences in study results may be caused by the differences in sample size or bias resulting from sample selection of the populations studied.[@B12],[@B38] Another possibility is that it may be, at least in part, due to the differences in ischemic stroke prevalence and homocysteine concentrations among Korean, Caucasian, and Japanese populations. To compare the allele frequency of the MTR polymorphism among different populations, further studies including different racial and ethnic groups are needed.

In this study, homocysteine concentrations in cases with the MTR 2756AA genotype were significantly higher than those of the control group ([Table 3](#T3){ref-type="table"}). There was also a significantly higher homocysteine concentration in the patient group versus the control group for the combined MTR 2756AA/MTHFR 677TT genotype. Multiple logistic regression analysis for homocysteine level was carried out by using selection strategy with a continuous variable (age) and categorical variables (gender, smoking, hypertension, diabetes mellitus, hyperlipidemia, MTHFR genotype, MTR genotype). The most important independent risk factor for hyperhomocysteinemia in ischemic stroke were age (*p* = 0.000), MTHFR 677TT (*p* = 0.001) and gender (*p* = 0.026). MTR genotype, hypertension, and diabetes mellitus were not significant predictors for hyperhomocysteinemia in ischemic stroke patients (*p* \> 0.05).

To date, many MTR 2756A \> G polymorphism studies have been performed in a variety of populations. Among these populations, the MTR 2756A \> G polymorphism has been associated with clinical symptoms in some populations, although the results have not always been confirmed in all populations. For example, it has been reported that the MTR 2756GG genotype is associated with a protective effect against the development of CHD in three populations,[@B3],[@B31],[@B33] while the 2756GG genotype has an adverse effect on the CHD development in the Dutch population.[@B14] In addition, the MTR polymorphism was associated with a lower risk of colorectal cancer among individuals with low alcohol consumption.[@B28] The combined genotypes for the MTR/MTRR polymorphisms were associated with an elevated risk for NTD in Americans[@B29] and thrombotic events in the British population.[@B30]

In contrast, some case-control studies have reported no association between the MTR polymorphism and ischemic stroke, CHD, or NTD. For example, Zhang and Dai[@B33] reported that there was no association between the MTR polymorphism and ischemic stroke or CHD risk in a Chinese population study. Similar trends were seen in Australian and Japanese populations. There was no association between the MTR polymorphism and CHD in an Australian population[@B32] and NTD susceptibility in Italian[@B31] and British[@B2] populations. Therefore, association studies of the MTR polymorphism have shown conflicting results among the populations studied. Therefore, to date, the results of MTR polymorphism studies have not been race or ethnic-specific.

In conclusion, in the present study, high homocysteine concentration in patients who had ischemic stroke appeared to be associated with the MTHFR 677TT genotype or combined MTR 2756AA and MTHFR 677TT genotype. However, in light of the differences of the association of the MTR 2756A \> G polymorphism and clinical symptoms among human populations, further work is needed to examine the effects of mutations in the MTR gene. Therefore, the findings of the MTR polymorphism and association with disease, obtained in a variety of populations, may not yet be conclusive. In addition, the precise biochemical mechanisms of the MTR and MTHFR alleles that affect homocysteine concentration require further research in order to determine the associations between the MTR and MTHFR polymorphisms and homocysteine concentration.
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Values are mean ± SD.
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Genotype and Allele Frequencies of MTR 2756A \> G and MTHFR 677C \> T
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There are no significant differences in allele frequencies between controls and cases.

^\*^2 samples were not amplified for MTR genotyping.
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Plasma Homocysteine Concentrations of Ischemic Stroke Patients and Controls according to MTR 2756A \> G and MTHFR 677C \> T Genotypes
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^\*^Values are µmol/L ± standard deviation.
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The Genotype Distributions of MTR 2756A \> G and MTHFR 677C \> T in Ischemic Stroke Patients according to Homocysteine Levels
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MTR 2756A \> G Genotypes and Allele Frequencies Among World Populations Studied Previously
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